We have evaluated the possibility of inducing antibody responses locally in the human stomach as a prerequisite for the development of a vaccine against Helicobacter pylori . Both H. pylori -infected and noninfected subjects were immunized with an oral B subunit whole cell (BS-WC) cholera vaccine, and total and vaccine-specific antibody-secreting cells (ASC) were determined by the enzyme-linked immunospot (ELISPOT) technique in cells isolated from the antrum and duodenum, respectively, before and after vaccination. Most of the subjects responded to the vaccination with high frequencies of vaccine-specific ASCs in the duodenum as well as high-serum antibody titers, and no significant differences were seen in the responses between H. pyloriinfected and noninfected subjects. When studying the gastric mucosa, on the other hand, there were dramatic differences between the H. pylori -infected and the noninfected subjects. Thus, whereas none of the noninfected subjects responded to the immunization in antrum, most of the H. pylori -infected subjects had high frequencies of vaccine-specific ASCs in this location after vaccination. Furthermore, the H. pylori -infected subjects had strikingly higher (as a mean 80-fold) frequencies of total IgA-secreting cells in antrum than the noninfected subjects, whereas the frequencies of total IgA-secreting cells in the duodenum were comparable between the groups. In conclusion, these results demonstrate the possibility of inducing antibody responses locally in the gastric mucosa of H. pylori -infected individuals, a finding with obvious implications for the future development of a therapeutic vaccine against H. pylori . ( J. Clin. Invest. 1998. 102:51-56.)
Introduction
Infection with Helicobacter pylori has been identified as the main cause of chronic antral gastritis and duodenal ulcer (DU) 1 (1, 2) . The bacteria colonize the stomach and metaplastic regions of the duodenum (3, 4) , and the infection results in strong systemic and usually also mucosal antibody responses (5) . In spite of the H. pylori -specific B cell response, the bacteria are not eliminated from the gastric epithelium, and the infection is usually lifelong.
The histologically normal stomach is relatively free of leukocytes (6) , whereas H. pylori infection leads to a dense infiltration of polymorphonuclear and mononuclear cells (MNCs) and even to formation of lymphoid follicles (5, 7) . In addition, the frequencies of Ig-containing cells have been found to be substantially increased in the gastric mucosa of patients with active chronic gastritis (8) . However, the antigen specificity of these cells has not been determined. According to the concept of a common mucosal immune system, the destination of migrating B cells initially activated in the gut is the intestinal lamina propria and some, but not all, mucosal tissues distant from the initial site of antigen exposure (9, 10) . Whether the gastric mucosa is a part of this network is not known, and the origin of the infiltrating gastric B cells has not been identified.
In this study we have evaluated the possibility of inducing antibody responses locally in the human stomach as a prerequisite for the development of an H. pylori vaccine by means of oral immunization with an inactivated B subunit-whole cell (BS-WC) cholera vaccine (11, 12) . We now report that oral immunization can elicit specific antibody-secreting cell (ASC) responses in the antral mucosa of H. pylori -infected but not of noninfected individuals.
Methods
Subjects and immunizations. This study was approved by the Ethical Committee at Sahlgrenska University Hospital, Göteborg, Sweden. Eight H. pylori -infected (two women and six men, aged 23-38 yr) and seven noninfected (four women and three men, aged 23-50 yr) subjects were recruited under informed consent. H. pylori infection was confirmed by culture of antral biopsies and serology. Two of the H. pylori -infected subjects had DUs, three suffered from non-ulcer dyspepsia, and three had asymptomatic infections. None of the subjects were on any medication at the time of the study. The subjects were immunized twice 2 wk apart with an oral BS-WC cholera vaccine (SBL Vaccine, Stockholm, Sweden), containing 1 mg BS and 10 11 killed vibrios per dose (11) . All subjects underwent two complete gastroduodenoscopies; one before administration of the first vaccine dose and the second one 7 d after the last vaccination. On both occasions, 12-14 biopsies, 2-3 mm in diameter ( ‫ف‬ 12 mg/biopsy), were collected from the descending part of the duodenum and from the antral mucosa, 3-4 cm proximal to the pyloric sphincter, using a pair of biopsy forceps (FB 24 K; Olympus, Stockholm, Sweden). Antral biopsies were collected from all subjects while duodenal biopsies were collected from all of the noninfected subjects and from seven of the eight H. pylori -infected subjects. Blood samples were collected at the same time as the biopsies.
In a separate set of experiments four additional H. pylori -infected subjects (all men, aged 21-59 yr) were included in the study to evaluate the specificity of the ASCs induced by the vaccination. One of these subjects had DU whereas the other three were asymptomatic.
Isolation of MNCs. MNCs were isolated from the antral and duodenal biopsies as described previously (13) . Briefly, the biopsies were cut into small pieces using a scalpel, followed by incubation at 4 Њ C for 30 min in Hank's balanced salt solution (Gibco, Paisley, Scotland) containing 1 mM CaCl 2 , 10 mM dithiothreitol (Sigma Chemical Co., St. Louis, MO), and 0.5 mg/ml of Bacillus thermoproteolyticus thermolysin (Boehringer Mannheim GmbH, Mannheim, Germany). The remaining tissue fragments were further treated with collagenase/dispase (Boehringer Mannheim), diluted to 1 mg/ml in Iscove's medium (Biochrom KG, Berlin, Germany) supplemented with 20% inactivated FCS at 37 Њ C for 45 min. Finally, the extracted cells were incubated at 37 Њ C for 20 min in Iscove's medium with 5% FCS containing 2 mg/ml of deoxyribonuclease (Sigma Chemical Co.). Isolated cells were washed and resuspended in Iscove's medium supplemented with 5% FCS and 100 g/ml gentamicin (Essex Läkemedel AB, Stockholm, Sweden).
Detection of total and specific Ig-secreting cells. The numbers of total IgA and antigen-specific ASCs (IgA-ASCs to BS, IgA-and IgM-ASCs to WC) in the cell suspensions were determined by the enzyme-linked immunospot (ELISPOT) technique (14, 15) . In some experiments we also determined the frequencies of ASCs reacting with two control antigens, i.e., the tetanus toxoid (TT) and BSA. To detect BS-specific ASCs, individual wells of nitrocellulose-bottomed 96-well Millititer plates (Millipore Corp., Bedford, MA) were coated with 100 l of 3 M monoganglioside 1 (Sigma) at 4 Њ C overnight, washed, and incubated with 2.5 g/ml of recombinantly produced BS (16) at 37 Њ C for 2 h on the day of analysis. For determination of TT-and BSA-specific ASCs, wells were coated with 20 g/ml of TT (SBL Vaccine) or 0.5% BSA (wt/vol) dissolved in PBS and incubated at room temperature overnight. For the detection of ASCs specific for whole bacteria, wells were first treated with 50 l/well of 10 g/ml of poly-L -lysine (Sigma Chemical Co.) and incubated at room temperature for 30 min. The wells were then emptied and 50 l of an inactivated WC cholera vaccine (preparation S1549; Institut Mérieux, Lyon, France) lacking BS was added to each well at a concentration of 5.5 ϫ 10 9 bacteria/ml (17) . The plates were then centrifuged at 2,000 rpm for 5 min whereupon 50 l of 0.5% (wt/vol) glutaraldehyde (Sigma Chemical Co.) in cold PBS was added to the wells and incubated at room temperature for 30 min. After two washes with PBS, the wells were incubated with 200 l of H 2 O containing 1% FCS and 0.1 M glycine for 30 min. The plates were finally washed, filled with 1% FCS in PBS, and frozen at Ϫ 30 Њ C. For the detection of total IgAsecreting cells, wells were coated with 5 g/ml of affinity-purified goat antibodies to the F(ab Ј ) 2 fragment of human IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) in PBS. After washing and blocking of the plates with 5% FCS in Iscove's medium, cells were added to the wells in quadruplicates in concentrations ranging from 10 2 (total IgA) to 4 ϫ 10 4 (antigen-specific) MNCs/well. Cells were incubated in the plates at 37 Њ C overnight in air with 7.5% CO 2 , and after thorough washes horseradish peroxidase-conjugated antibodies to human IgA or IgM (Southern Biotechnology Associates, Birmingham, AL) were added and plates incubated at room temperature for 3 h. Wells were then washed and plates were developed with 100 l/well of chromogen substrate containing 0.3 mg/ml of 3-amino-9-ethylcarbazole (Sigma Chemical Co.) and 0.015% (vol/ vol) H 2 O 2 . Spots were enumerated under low magnification ( ϫ 40) and the frequency of ASCs was calculated from four wells and adjusted to spot-forming cells per 10 5 MNCs (for total IgA-secreting cells) or per 10 4 total IgA-secreting cells (for antigen-specific ASCs). A more than twofold increase in frequency of vaccine-specific ASCs after vaccination was considered to be significant.
Detection of vaccine-specific antibodies in serum. Serum samples were analyzed for antitoxin and antibacterial titers by a monoganglioside 1-ELISA and a vibriocidal assay, respectively, as previously described (18, 19) . Serial dilutions of pre-and postvaccination specimens were tested in duplicates and greater than or equal to twofold titer raises were considered significant (12) . For control purposes we also analyzed the serum samples for H. pylori -specific antibodies according to the protocol of Hamlet et al. (20) .
Statistical analyses. Differences in distribution of total IgAsecreting cells as well as differences in serum and mucosal antibody responses to the vaccine between the two study groups were evaluated by the Mann-Whitney hypothesis test. ) from the H. pyloriinfected subjects. The frequencies of total IgA-secreting cells in the duodenum were approximately the same in the two study groups (Fig. 1) . However, the H. pylori -infected subjects had ‫ف‬ 80 times higher frequencies of total IgA-secreting cells than the noninfected subjects in the antrum ( P Ͻ 0.001); ‫ف‬ 10% of the MNCs isolated in antrum of the infected subjects were found to secrete IgA. Indeed, most of the H. pylori -infected subjects had higher frequencies of IgA-secreting cells in the gastric mucosa than in the duodenum. In most cases, the frequencies of total IgA-secreting cells in antrum and duodenum did not change appreciably during the 3-wk study period. However, in one of the noninfected subjects a 10-fold decrease in the frequency of total IgA-secreting cells was seen in antrum and in one of the H. pylori -infected subjects a 9-fold increase in the frequency of total IgA-secreting cells was found in duodenum 1 wk after completed vaccination (Fig. 1) .
Vaccine-induced ASCs in duodenal biopsies. The isolated MNCs were also assayed for the presence of vaccine-specific ASCs. In about half of the subjects BS-specific ASCs were seen in duodenum before immunization (30-850 ASCs/10 4 total IgA-ASCs), while no such ASCs were detected in the remaining subjects. Most of the subjects, i.e., 11 out of 14, responded to the vaccine with substantially increased frequencies of BS-specific ASCs producing IgA in duodenum (Fig. 2) .
Almost all the subjects had anti-WC reactive ASCs (20-940 ASCs/10 4 total IgA-ASCs) before vaccination. Nevertheless, a majority of the subjects, i.e., 9 out of 14, responded with increased numbers of IgA-and IgM-ASCs (data not shown for IgM) specific for whole vibrios in duodenum (Fig. 2) . The frequencies of WC-specific IgM-ASCs were very similar to those of the IgA-ASCs and all of the subjects that responded with IgA-ASCs also responded with IgM-ASCs. All but one of the subjects that responded to the WC also responded to the BS, even though the anti-BS response generally was more pronounced than the response to the WC component. No significant differences were found in the ability to respond to the BS or the WC component in the duodenum between H. pyloriinfected and noninfected subjects.
Vaccine-induced ASCs in antral biopsies. MNCs extracted from antral biopsies were also assayed for vaccine-reactive ASCs. No vaccine-specific ASCs were seen in antral biopsies from the noninfected subjects before vaccination and the peroral cholera vaccine did not induce any ASC responses either to the BS or the WC component in the antral mucosa of these subjects (Fig. 3) . In contrast, BS-and WC-reactive ASCs were found in a majority of the H. pylori -infected subjects before immunization (Fig. 3) . Two oral doses of cholera vaccine induced substantially increased BS-specific ASC responses in five of the eight H. pylori -infected subjects. The highest responses were seen in the two DU patients. Five of the H. pylori -infected subjects also responded to the vaccine with increased frequencies of WC-specific ASCs.
Specificity of the vaccine-induced ASCs. To determine if the vaccine-induced ASCs that reacted with BS and WC actually were the result of a specific immune response, MNCs from four additional subjects were analyzed for reactivity not only with the vaccine antigens, i.e., BS and WC, but also with two unrelated antigens, i.e., TT and BSA. All of these subjects responded to the vaccination with increased frequencies of ASCs reacting with the BS in the duodenum (Table I) . Fur- thermore, one of the subjects also responded with an increased frequency of duodenal ASCs reacting with the WC component. When studying antibody responses against the control antigens we found that none of the subjects responded to the immunization with increased frequencies of BSA-reactive ASCs. However, TT-reactive ASCs were seen in two of the subjects after vaccination. In the antrum, one of the subjects responded with a higher frequency of BS-reactive ASCs after vaccination and another one with an increased frequency of WC-reactive ASCs. As in the duodenum, none of the subjects responded to the immunization with ASCs reacting with the control antigen BSA while the subject who responded with BS-reactive ASCs also had TT-reactive ASCs after immunization (Table I) . Even though the frequencies of antigen-specific ASCs were increased by the vaccination, the number of total IgA-secreting cells/10 5 MNCs did not vary significantly between biopsies collected before and after immunization.
Antibody responses in serum.
The antitoxic and antibacterial antibody responses in serum from the vaccinees were also analyzed. All but 2 of the 15 subjects responded to the vaccination with significantly increased levels of antibodies against the BS component in serum. However, both of the subjects who did not respond with antitoxic serum antibodies responded with increased frequencies of BS-specific ASCs in the duodenum. Eight of the subjects also responded with increased vibriocidal titers and five other subjects had high vibriocidal titers ( Ͼ 80) before immunization. Vaccination of individuals with high pretiters has been shown previously to result in much lower frequencies of responders than vaccination of individuals with low pretiters (21) . However, there was no significant difference in antibody responses in serum between infected and noninfected subjects (Table II) . Only one of the five subjects with high vibriocidal titers in serum before vaccination also had high frequencies of vaccine-specific ASCs before immunization.
As a control, the serum samples were also analyzed for H. pylori -specific antibodies before and after vaccination. However, the antibody titers against H. pylori in serum did not change in any of the subjects during the study period.
Discussion
The finding that a microorganism, i.e., H. pylori , is the major cause of chronic gastritis and DUs has resulted in a vast interest in developing a vaccine against the bacterium. Since H. pylori is noninvasive, such a vaccine should preferentially induce a strong mucosal immune response locally in the stomach where the bacteria are located. In agreement with this notion, animal studies have demonstrated a correlation between local production of secretory IgA and protection against H. felis infection after oral immunization (22) . However, to date no study has evaluated the possibility of inducing immune re- 
sponses locally in the human stomach against deliberately delivered antigens. To allow such an evaluation we have used an oral cholera vaccine as a model vaccine, since this vaccine has been shown previously to induce strong immune responses locally in the human intestine (23) (24) (25) .
To investigate whether the inflammation that is present in the antrum in the majority of H. pylori-infected individuals may affect the possibility of inducing gastric antibody responses, the cholera vaccine was administered to both H. pylori-infected and noninfected subjects. The H. pylori-infected subjects in this study had different manifestations of their infection and even though we did not determine the degree of antral inflammation in these subjects we have, in a parallel study, not been able to detect any difference in the degree of antral inflammation between asymptomatic H. pylori carriers and patients with DU (26) .
The oral cholera vaccine has been shown previously to induce substantial numbers of BS-specific ASCs in the duodenum of healthy volunteers (23) . In accordance, a majority of the subjects in the present study also responded with BS-specific ASCs in the duodenum after two oral immunizations and no differences were seen between the infected and the noninfected subjects. In addition, we also recorded significant ASC responses against the WC component in most of the immunized subjects, i.e., in H. pylori-infected as well as noninfected subjects. Although the BS-WC cholera vaccine and the WC component alone have been shown to induce highly significant protection against cholera (27) , intestinal ASC responses against the bacterial component of the vaccine have not been documented earlier. In sharp contrast to the duodenal responses, BS-specific ASC responses in antrum could only be seen in the H. pylori-infected vaccinees, whereas the healthy noninfected subjects did not develop a detectable BS-specific ASC response in the antrum after vaccination. Similarly, only the H. pylori-infected, but not the noninfected subjects, developed detectable ASC responses against the WC component in antrum, suggesting that only individuals with an inflamed gastric mucosa can develop significant immune responses against orally administered antigens. However, it is possible that the noninfected subjects may have responded against the vaccine in the stomach although at such a low level that it could not be detected by our method.
The vaccine-specific mucosal response in this study was not merely the result of an unspecific activation, since the frequencies of ASCs reacting with the unrelated protein BSA did not change. To our surprise, some of the subjects had increased frequencies of ASCs reacting with another unrelated antigen, TT, after immunization. However, it seems unlikely that the increase in TT-or vaccine-specific ASCs is the result of polyclonal activation, since the frequencies of total IgA-secreting cells did not change significantly after vaccination. One explanation for the increase in TT-reactive ASCs might be that there actually are cross-reactive epitopes in BS and TT or that the immunization induced polyreactive antibodies in some volunteers.
In the noninfected stomach, there are few lymphoid cells, whereas H. pylori infection leads to infiltration of granulocytes as well as B and T cells (1) . Indeed, we could document as much as 80-fold higher frequencies of IgA-secreting cells in the antrum of the H. pylori-infected than in the noninfected subjects. In fact, most H. pylori-infected individuals had higher frequencies of IgA-secreting cells in the antrum than in duodenum. Inflammation of the gastric mucosa also results in increased expression of secretory component, the transporter of polymeric Ig over the epithelium (28) , and formation of lymphoid follicles (5, 7) . Subsequent studies have shown that, in contrast to total IgA-ASCs, the frequencies of total IgGsecreting cells remain virtually unchanged in H. pylori-induced gastritis (28a), suggesting that H. pylori infection primarily promotes IgA responses.
Despite the dense infiltration of ASCs into the gastric mucosa in H. pylori infection, the physiological relevance of the antibodies produced has been questioned due to high concentrations of gastric acid and proteolytic enzymes in the human stomach. However, the gastric mucus layer contains a pH gradient ranging from an acidic pH in the lumen to a near-neutral pH on the surface of the epithelial cells (29) where the H. pylori bacteria are located and the antibodies are needed. In addition, we have shown recently that a large proportion of the IgA found in gastric juice is SIgA which is comparatively resistant to proteolytic degradation (30) . It seems reasonable that the H. pylori-associated gastritis facilitates the induction of B cell responses. However, at this stage we can only speculate about the mechanisms behind this observation. Although minute amounts of intact proteins can be transported through the normal gastric epithelium (31, 32) , a common result of gastrointestinal inflammation is decreased mucosal integrity, which in turn may facilitate uptake of antigens via the gastric epithelium in the H. pylori-infected stomach. Hypothetically, antigen presentation and lymphocyte differentiation could then take place in the local lymphoid follicles. Furthermore, recent hypotheses predict that it is more likely for antigens presented in the setting of an inflammation to be regarded as foreign and to elicit immune responses (33) . Alternatively, the cytokines produced during the inflammatory response to H. pylori, which have been shown to upregulate the expression of endothelial adhesion molecules (34, 35) , might lead to an increased infiltration of leukocytes. Thus, after oral immunization, the activation of B cells and differentiation into ASCs might be initiated in the inductive sites of the small intestine, and then the upregulated expression of endothelial adhesion molecules in the H. pylori-infected stomach might result in an increased migration of plasma cell precursors into the gastric mucosa.
Several animal studies have demonstrated that protective immunity against H. pylori (36) and H. felis infection (37, 38) can be achieved by oral immunization with whole H. pylori bacteria or purified antigens given together with appropriate adjuvants. These studies have suggested the possibility of inducing protective immune responses against H. pylori in noninfected animals as well as the possibility of eliminating an already established infection. However, in this study we were only able to induce gastric ASC responses in subjects that were infected with H. pylori and not in noninfected subjects. This difference between human and animal studies could be due to different possibilities of inducing gastric immune responses between species or to reflux of antibodies produced in the duodenum that may be effective in protection against Helicobacter infection.
In conclusion, our study demonstrates that it is possible to induce specific mucosal B cell responses against deliberately administered antigens locally in the antrum, at least in H. pylori-infected individuals with inflamed gastric mucosa, thereby supporting the possibility of developing an effective oral, therapeutic vaccine against H. pylori. Our results suggest that the local H. pylori-induced inflammation is a prerequisite for induction of antibody responses in the stomach, as suggested by the dense infiltration of IgA-secreting cells only in H. pyloriinfected individuals.
